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FOREWORD 

This  technical  report  was  prepared  by  W.  L.  Baun,  Mechanics  and 
Surface  Interactions  Branch,  Nonmetalllc  Materials  Division,  Air  Force 
Materials  Laboratory  (AFML/MBM),  Air  Force  Wright  Aeronautical  Laboratories, 
Wrlght-Patterson  Air  Force  Base,  Ohio.  This  work  was  initiated  under 
Project  2419,  "Nonmetalllc  and  Composite  Materials,"  and  was  administered 
by  the  Air  Force  Materials  Laboratory,  Air  Force  Systems  Command,  Wrlght- 
Patterson  Air  Force  Base,  Ohio.  Work  unit  monitor  Is  Dr.  T.  W.  Haas. 

This  report  covers  work  conducted  inhouse  during  the  period  July 
1976  through  February  1979. 

The  author  wishes  to  acknowledge  the  work  of  James  Solomon  of  the 
University  of  Dayton  and  of  Gary  Fugate  and  William  Lampert.  Photo¬ 
electron  spectral  data  were  obtained  by  M.  P.  Hooker  (deceased). 

Universal  Energy  Systems,  Inc.  Timely  and  reliable  adhesive  bonding 
and  mechanical  testing  were  done  by  A.  K.  Behme,  Jr. 
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SECTION  I 
INTRODUCTION 

The  need  for  lighter,  higher  strength  structures  makes  It  necessary 
to  develop  new  classes  of  materials  such  as  composite  and  adhesively 
bonded  materials.  Unfortunately,  aluminum  alloys,  primarily  because  of 
low  melting  and  softening  points,  do  not  possess  the  properties  necessary 
for  advanced  aerospace  structures.  Therefore,  titanium  and  Its  alloys, 
because  of  lightweight,  thermal  stability  and  high  strength  have  been 
under  development  for  aerospace  applications.  Conventional  methods  of 
joining  titanium  alloys  such  as  welding,  bolting  and  riveting  are  used, 
but  just  as  In  aluminum  alloys,  the  advantages  of  adhesive  bonding  make 
It  necessary  to  develop  surface  treatments  for  titanium  which  produce 
adhesive  joints  which  are  strong  and  durable.  Adhesive  joints  possess 
a  more  uniform  stress  distribution,  are  lighter,  and  are  better  sealed 
against  corrosion  than  conventional  joints.  Titanium  surface  preparations 
have  mostly  been  based  on  empirical  use  of  procedures  developed  for 
other  materials  rather  than  custom  processes  developed  strictly  for  the 
requirement  with  titanium. 

The  aerospace  Industry  needs  for  operation  In  excess  of  250°F 
places  a  severe  burden  on  both  the  adhesive  and  the  Interfaclal  region 
between  the  adhesive  and  adherend  In  the  joint.  Joint  failures  under 
adverse  conditions  have  often  been  blamed  on  the  adhesive  but  the 
adherend  surface  may  likely  be  the  cause  of  failure  In  many  cases. 

Surface  treatments  have  been  developed  to  give  optimum  bonding  surfaces 
which  produce  durable  bonded  joints.  This  Involves  not  only  creating 
a  surface  of  the  proper  structure  and  roughness,  but  also  of  the  correct 
chemistry  to  ensure  long  time  use  under  adverse  conditions.  It  Is 
therefore  necessary  to  be  able  to  determine  elemental  composition  and 
morphology  for  a  surface  following  each  surface  treatment.  Certain 
treatments  may  be  used  to  strip  off  the  natural  oxide  In  preparation 
for  a  treatment  such  as  anodization,  where  the  natural  oxide  Is 
replaced  by  the  anodic  oxide  of  carefully  controlled  thickness.  Other 
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treatments  etch  the  surface  to  provide  mechanical  (hook  and  latch)  attach- 
ment  of  adhesive  to  adherend.  Still  others  replace  the  natural  oxide 
with  a  chemically  formed  oxide  or  conversion  coating  which  Is  both  bondable 
and  durable.  Each  of  these  types  of  treatments  along  with  their  advantages 
and  disadvantages  have  been  described  In  the  literature  (References  1-16). 


In  this  work,  we  are  Investigating  the  effects  of  various  surface 
treatments  on  the  surface  chemistry,  morphology  and  wetting  characteristics 
of  titanium  and  Its  alloys.  Earlier  results  were  reported  for  commercial 
treatments  on  T16A14V  (Reference  1),  laboratory  treatments  on  the  same 
alloy  (Reference  2),  and  laboratory  treatments  on  pure  titanium  and 
T1-8Mn  (Reference  3).  In  this  present  work  we  discuss  anodization  and 
other  surface  preparations  for  T16A14V  in  relation  to  the  strength  and 
durability  of  adhesive  bonds  prepared  from  these  adherends. 
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SECTION  II 
EXPERIMENTAL 


1.  EQUIPMENT 
a.  ISS/SIMS 

The  primary  characterization  Instrument  used  was  Ion  scattering 
spectroscopy  and  secondary  Ion  mass  spectroscopy  (ISS/SIMS).  This  dual 
method  uses  a  low  energy  Ion  beam  (1-3  KeV)  to  probe  the  surface.  The 
ISS  (Ion  scattering  spectrometry)  method  (3M  Company,  St.  Paul,  Minnesota) 
measures  the  energy  loss  when  the  probing  Ion  scatters  from  the  outermost 
atom  layer  at  the  surface.  The  SIMS  (secondary  Ion  mass  spectrometry) 
technique  measures  the  mass  spectrum  of  the  sputtered  Ions  which  are 
removed  from  the  surface  by  the  primary  Ion  beam.  Advantages  and  operating 
parameters  were  outlined  In  Reference  1  and  the  experimental  setup  was 
shown  In  earlier  reports  (References  1,2).  Appendices  of  mass  and  scatter¬ 
ing  Information  appear  In  this  report  and  were  also  Included  In  References 
1  and  2  to  aid  the  reader  In  spectral  Interpretation. 


b.  AES 

Auger  electron  spectroscopy  (AES)  is  based  on  the  process  of 
radiationless  de-excitation  of  an  excited  atom  by  emission  of  electrons. 
This  mechanism  Is  often  more  probable  than  the  radiative  de-excitation 
by  emission  of  an  x-ray.  For  the  matrix  and  alloying  elements  of  concern 
In  this  work,  the  Auger  electron  yield  per  K  electron  vacancy  Is  much 
higher  than  for  the  other  mechanism  of  de-excitation,  x-ray  emission. 

The  Instrument  used  and  described  In  Reference  2  Is  the  Model  540  thin 
film  analyzer  (Physical  Electronics,  Inc.,  Eden  Prairie,  Minnesota), 
to  which  was  added  a  Model  1100  quadrupule  mass  analyzer  to  allow 
residual  gas  analysis  and  SIMS  measurements.  A  three  element  energy 
analyzer  was  Installed  on  the  quadrupule  mass  analyzer  to  allow  SIMS 
measurements  simultaneously  with  AES  measurements. 
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AES  has  the  considerable  advantage  that  elemental  profiles  with 
depth  can  be  relatively  easily  obtained.  This  is  accomplished  by  slowly 
eroding  away  the  surface  of  a  fairly  large  area  with  an  Inert  gas  beam 
In  much  the  same  way  the  surface  Is  probed  for  ISS/SIMS.  In  this  AES 
technique,  however,  a  much  smaller  beam  of  electrons  Impinges  on  the 
sample  In  the  center  of  the  larger  Ion  beam.  Then  Auger  electron  peak 
to  peak  Intensities  are  automatically  plotted  vs.  sputtering  time. 

Oxide  thicknesses  can  be  calculated  from  such  data  and  an  Idea  of  Inter- 
facial  sharpness  may  be  gained.  ISS/SIMS  may  also  be  used  to  measure 
changes  with  depth,  but  unless  rasterlng  and  gating  of  the  beam  are  used, 
cratering  effects  smear  out  the  Interface  and  make  results  difficult 
to  Interpret. 


c.  PES 

Photoelectron  spectroscopy  (PES)  sometimes  called  ESCA,  Electron 
Spectroscopy  for  Chemical  Analysis,  analyzes  the  electrons  emitted  from 
a  substance  upon  Irradiation  with  x-rays.  PES  reproduces  directly  the 
electronic  level  structure  and  provides  a  powerful  method  to  Investigate 
chemical  bonding  in  molecules.  The  equipment  used  here  Is  supplied  by 
Physical  Electronics,  Inc. 

d.  SEM 

The  scanning  electron  microscope  (SEM)  used  In  this  work  was 
the  Qulkscan  (Coates  and  Welter  Corporation,  Sunnyvale,  California). 

e.  Contact  Potential 

The  contact  potential  measurements  were  made  on  uncharged 
specimens  using  the  Model  144  Isoprobe  Electrostatic  Voltmeter  (Monroe 
Electronics,  Inc.,  Mlddleport,  N.  Y.)  with  vacuum  evaporated  gold  as 
the  reference. 


4 


AFML-TR- 79-41 55 


SECTION  III 

RESULTS  AND  DISCUSSION 

1.  PREPARATION  METHODS 

The  chemistry  of  T16A14V  surfaces  after  selected  commercial  treat¬ 
ments  has  been  mentioned  by  several  investigators  (References  1,4, 5, 6, 7, 8) 
and  SEM  photographs  for  commercial  treatments  have  been  shown  In  numerous 
reports  (References  1,4,5,6,7,9,10,11,12,13,14,16).  Effects  of  anodization 
,  with  respect  to  adhesive  bonding  were  shown  by  Lively  (Reference  12)  and 

*  others  (References  15,16). 

Preparation  of  titanium  alloy  surfaces  is  aimed  at  the  development 
of  a  strong  adherent  surface  oxide  or  conversion  film.  Although  natural 
.  oxides  generally  result  in  strong  adhesive  bonds,  long  time  durability 

of  these  films  Is  not  adequate.  In  aluminum  and  some  other  adhesively 
bonded  materials,  In  addition  to  producing  a  surface  that  is  bondable 
and  durable,  one  must  also  be  concerned  with  imparting  some  degree  of 
corrosion  resistance  to  the  surface.  Such  a  requirement  Is  not  the  case 
for  titanium  where  a  very  high  degree  of  Inherent  corrosion  resistance 
is  present.  The  numerous  preparation  methods  for  titanium  usually  fall 
Into  the  categories  of  cleaning,  etching,  converting  of  the  surface  to  a 
.  desired  oxide  or  conversion  film,  and  finally  the  modification  of  this 

film  for  good  bonding.  Examples  of  some  possible  methods  for  each  of 
these  steps  is  shown  In  Table  1.  Several  of  these  steps  may  be  combined 
as  suggested  In  the  table  or  in  many  cases  one  or  more  of  the  steps  may 
be  omitted.  Most  surface  preparations  stop  after  the  conversion  step 
but  the  modification  of  the  oxide  or  conversion  film  may  prove  of  use. 
Certainly  this  modification  step  does  modify  the  physical  properties 
of  oxide  film  as  will  be  shown  later. 

» 
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TABLE  1 

SURFACE  PREPARATIONS  OF  TITANIUM  ALLOYS 
FOR  ADHESIVE  BONDING 


1 

Clean 


3 

Convert 


4 

Modlf 


1.  Liquid 

2.  Vapor 


Abrasion 


Alkaline 


Combinations 


Acids 


HF,  HN03, 

H2SO4, 

H3PO4 

Combinations 


A1 kaline 


Chemi cal 


Phosphates, 
FI uorides. 


Boiling  H?0 


Dry  Heat 


Heat  +  Humidit 


Anodization  Absorption 


dense 


UV,  ions 


Corona,  etc 
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Titanium  surfaces  are  routinely  cleaned  with  solvents  by  Immersion, 
spray  or  wipe.  Ultrasonic  cleaning  with  a  suitable  solvent  and  a  liquid 
rinse  Is  often  used  for  small  parts.  There  are  certain  conditions  such  as 
chlorinated  solvents  for  vapor  degreasing  which  should  be  avoided  since 
they  have  been  shown  to  cause  stress  corrosion  cracking  In  titanium  alloys. 
However,  probably  as  long  as  this  treatment  Is  used  In  an  early  step 
followed  by  acid  pickling  no  problem  would  be  encountered  with  stress 
corrosion  cracking.  Abrasive  treatments  such  as  grit  blasting,  sanding, 
and  rubbing  with  an  abrasive  pad  all  prove  useful  for  cleaning  highly 
soiled  Items.  Alkaline  treatments  are  frequently  used  In  a  concentration 
which  removes  contamination  but  does  not  etch  the  surface.  Sometimes  the 
same  formulation  Is  used  In  greater  concentration  to  achieve  both  cleaning 
and  surface  etching.  Alkaline  cleaning  and  etching  as  a  virtual  one  part 
preparation  method  appear  attractive  not  only  for  their  relatively  low 
cost  and  safety  compared  to  the  multiple  techniques  using  acids  but  also 
the  oxides  that  are  formed  by  these  methods  appear  to  be  highly  bondable 
(References  13,14). 


Most  surface  preparation  methods  for  titanium  have  as  their  base 
an  acid  etch  which  may  use  one  acid  or  a  combination  of  acids  to  achieve 
a  relatively  rough  surface  which  provides  a  wettable  surface  and  Imparts 
strength  to  the  adhesive  bond  by  the  hook  and  latch  method.  Nitric/ 
hydrofluoric  acid  mixtures  are  frequently  used  for  pickling  or  removal 
of  oxides  and  etching.  The  hydrofluoric  acid  In  the  solution  does  the 
dissolution  and  removing  of  some  of  the  metal  while  the  nitric  acid 
simultaneously  oxidizes  and  provides  a  passivation  layer.  The  primary 
concern  In  the  use  of  acids  In  titanium  processing  Is  hydrogen  embrittle¬ 
ment.  The  formation  of  hydrogen  Is  Inherent  in  acid  etching  and  also 
In  anodizing  and  the  pickup  of  hydrogen  on  the  titanium  surfaces  can 
result  In  embrittlement.  Mechanical  properties  of  the  titanium  adherends 
were  tested  after  treatment  In  the  same  solutions  used  for  the  surface 
preparation  and  found  to  cause  no  hydrogen  embrittlement.  Only  when 
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surfaces  were  etched  for  long  periods  of  time  In  very  concentrated  solu¬ 
tions  was  any  loss  of  strength  noted  and  then  probably  primarily  due  to 
a  loss  of  material  from  the  sample  (l.e.,  the  sample  thickness  was 
reduced).  Sometimes,  the  use  of  acids  Is  combined  with  abrasion  In 
treatments  such  as  the  Vought  Abrasive  Slurry  Treatment  (VAST)  (Refer¬ 
ence  15).  This  treatment  Is  shown  In  Table  2  as  an  example  of  a  complete 
combination  process  for  forming  a  stable  surface  for  adhesive  bonding. 

The  VAST  treatment  leaves  the  surface  In  a  highly  active  and  very  rough 
surface  as  seen  In  Figure  1.  Concentrated  alkaline  etches  also  produce 
rough  surfaces  which  are  extremely  bondable  and  as  mentioned  earlier 
these  processes  have  the  advantages  of  somewhat  safer  operation  than 
acid  techniques.  Simple  solutions  using  various  concentrations  of 
sodium  hydroxide  may  be  used,  but  more  often  proprietary  mixtures  such 
as  Turco  5578  are  used  (Turco  Products  Division  of  Purex  Corporation). 

Sometimes  the  conversion  step  Is  included  with  the  etching  where 
passivation  occurs  following  the  Initial  etching.  This  usually  results 
In  a  very  thin  oxide  film.  Chemical  conversion  In  a  solution  containing 
other  Ions  Is  typified  by  the  phosphate  fluoride  commercial  treatment. 

In  this  process  the  hydrofluoric-nitric  acid  pickle  Is  followed  by 
immersion  In  a  hydrofluoric  acid- phosphate- fluoride  solution  (References 
5,7).  Phosphate- fluoride  treatment  produces  a  uniform  film  of  an 
average  thickness  of  about  200°A  (Reference  7).  Oxide  films  of  virtually 
any  thickness  may  be  obtained  with  high  reproducibility  on  titanium 
and  Its  alloys  using  anodization.  Anodizing  has  not  been  commonly  used 
as  a  surface  treatment  for  titanium  mostly  because  the  possibility 
of  hydrogen  pickup  and  embrittlement  as  discussed  earlier.  However, 

In  this  work  using  both  tensile  and  notch  tests,  no  affect  was  observed. 
Perhaps  embrittlement  Is  encountered  when  using  higher  concentrations 
In  solutions  used  for  decorative  anodizing.  In  some  of  these  solutions 
which  use  up  to  15X  by  weight  sulfuric  acid  plus  at  times  other  additives 
there  Is  a  much  greater  possibility  for  hydrogen  pickup.  Titanium  and 
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TABLE  2 

THE  V0U6HT  ABRASIVE  SLURRY  TREATMENT 
FOR  TITANIUM  ALLOYS  (Reference  5) 


VAST  with  H2S1F6  (Reference  5) 

1.  Wipe  surface  with  methyl  ethyl  ketone 

2.  Alkaline  Clean  -  Turco  5578,  5  oz/gal 

3.  Rinse  with  D.I.  water  at  room  temperature 

4.  VAST  process  2 %  H2S1Fg  5-10  minutes 

5.  Rinse  tap  water  spray  at  room  temperature 

6.  Immerse  one  minute  In  solution  5£  HN03 

(optional  depending  on  titanium  alloy) 

7.  Rinse  D.I.  water  at  room  temperature 

8.  Air  Dry 
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Its  alloys  may  be  anodized  In  a  variety  of  solutions  as  shown  by  the 
review  of  Aladjem  (Reference  17).  Although  these  anodized  films  appeared 
to  show  good  Initial  bondablllty  using  simple  tests  such  as  the  lap  shear, 
other  simple  tests  and  tests  of  long  time  durability  show  that  anodization 
offers  no  benefit.  Perhaps  on  the  other  hand  anodization  of  titanium  and 
Its  alloys  will  prove  similar  to  that  of  aluminum  alloys  where  It  was  only 
necessary  to  find  the  right  electrolyte  and  the  anodizing  conditions  to 
form  a  bondable,  durable  surface  (References  18,19). 

The  modification  of  the  "final  film"  is  not  In  extensive  use  although 
the  oxide  Is  Inadvertently  modified  in  many  processes  by  steps  such  as 
long  time  rinsing  In  hot  water.  The  final  solutions  that  the  adherend 
"sees"  In  the  processing  has  a  very  large  affect  on  the  chemistry  of  the 
film  and  at  times  on  the  thickness  and  morphology.  For  instance  if  tap 
water  Is  used  to  rinse  a  specimen  In  which  fluorine  has  been  left  behind 
on  the  surface,  the  surface  of  the  titanium  acts  as  a  scavenger  for  Ions 
such  as  calcium  In  the  tap  water.  A  modification  step  could  be  purpose¬ 
fully  designed  to  enhance  the  surface  for  adhesive  bonding  using  the 
techniques  shown  In  Table  1  or  some  other  method. 

2.  ANODIZATION  OF  T16A14V 

Table  3  shows  the  anodization  conditions  for  samples  197-1  through 
5.  Here  the  affects  of  pH  and  voltage  were  investigated  using  four 
different  solutions.  When  anodization  was  carried  out  In  each  of  these 
solutions  at  low  voltages  and  the  voltage  was  Increased  by  steps  there 
was  first  a  large  Increase  In  the  current  In  the  system  followed  by  a 
rapid  decline  to  near  zero.  At  each  of  these  voltage  steps  titanium 
alloys  changed  colors.  These  colors  are  extremely  vivid,  ranging  from 
deep  blues  to  brilliant  golds.  Colored  films  become  visible  at  only 
a  few  volts  and  are  very  Intense  In  the  region  of  10  to  100  volts. 

Assuming  approximately  15  to  20  Angstroms  per  volt  In  most  electrolytes. 
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TABLE  3 

ANODIZATION  CONDITIONS 


All  samples  cleaned  prior  to  anodization  with  abrasive  pad  and  detergent. 


Samp! e 


Electrolyte 


Neutral  197-1 

A 

B 

C 

197-2 

Base  197-3 

A 
B 
C 

Acid  197-4 

A 

B 

C 

Acid  197-5 

A 
B 
C 


Na2HP04  +  H3P04  (pH  7) 

50V  (yellow) 

20V  (blue) 

100V  (grey)  with  sparking 

Same  as  197-1  but  abrasive  pad  not  used 

0.1M  NaOH  (pH  12.4) 

50V  (yellow) 

20V  (blue) 

200V  (grey)  with  current  Instability  and 
hissing 

0.1M  H3P04  (pH  1.80) 

50V  (yellow) 

20V  (blue) 

250V  (grey)  with  hissing  at  meniscus  and 
current  Instability 

0.1M  H2S04 

50V  (yellow) 

20V  (blue) 

100V  (grey)  hissing  with  slight  visible 
light  emission 


12 


AFML-TR- 79-41 55 


This  range  of  thicknesses  Mould  then  be  150  to  2,000  Angstroms.  Titanium 
and  the  other  valve  metals  when  they  form  anodic  oxides  exhibit  Interfer¬ 
ence  colors  which  result  In  colored  oxide  films.  Light  Incident  on  the 
air/oxide  Interface  Is  partially  reflected  and  partially  transmitted. 

A  portion  of  the  light  that  Is  transmitted  through  the  oxide  strikes 
the  oxide  metal  Interface,  is  partially  reflected,  and  partially  absorbed. 
The  total  light  reflected  from  the  oxide  metal  combination  may  be  considered 
as  the  sum  of  two  contributions.  The  first  of  these  Is  the  light  which 
Is  reflected  at  the  air/oxide  Interface  and  never  passes  through  the  oxide 
and  the  second  contribution  consists  of  light  which  Is  passed  through  the 
oxide  two  or  more  times  before  being  emitted  at  the  air/oxide  Interface. 
These  two  portions  of  light  are  In  phase  only  in  specific  wavelengths 
because  of  path  length  differences  and  phase  changes  occurring  on  reflec¬ 
tion.  The  Intensity  of  light  reflected  is  then  a  function  of  the  wave¬ 
length  of  the  Incident  light,  the  thickness  of  the  oxide  film,  and  the 
optical  properties  of  both  the  oxide  and  the  metal.  When  these  oxides 
are  removed  such  as  In  the  work  In  this  laboratory  on  strlppable  films, 
the  colors  are  much  different  from  the  vivid  colors  exhibited  while  on 
the  substrate  and  are  much  less  intense.  For  Instance,  anodized  films 
exhibiting  bright  reflections  actually  were  pale  yellow  In  transmission. 

It  Is  the  color  In  reflection  which  Is  noted  in  Table  3  for  samples 
A  and  6.  Sample  C  Is  a  porous  film  and  Is  produced  using  a  voltage  at 
which  when  the  voltage  Is  Increased  the  current  no  longer  drops  to  near 
zero  and  at  times  sparking  or  hissing  Is  observed.  The  surface  morphology 
of  the  thin  oxide  films  do  not  generally  appreciably  modify  the  original 
appearance  of  the  surface.  An  example  of  this  for  two  electrolytes  Is 
shown  In  Figure  2.  Here  T16A14V  was  anodized  In  phosphoric  acid  at  20 
volts  shown  In  A  and  In  phthallc  acid  also  at  20  volts  as  shown  In  B. 

The  anodized  surfaces  shown  appear  to  be  relatively  smooth  with  the 
original  surface  scratches  very  distinct.  However,  when  the  anodization 
voltage  Is  Increased  to  300  volts  as  seen  In  Figure  3  the  porosity  Is 
quite  clearly  seen.  These  two  electrolytes  as  well  as  each  electrolyte 
that  was  Investigated  In  this  work  produced  surfaces  having  a  different 
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morphology  and  some  amount  of  porosity  at  higher  voltages  (beyond  the 
point  at  which  the  Interference  colors  are  observed).  The  surface 
chemistry  of  the  thin  oxides  typified  by  Figure  4  (Sample  1 97-1 A)  Is 
similar  to  that  observed  for  TIO2  with  the  oxygen  to  titanium  ratio 
In  the  Ion  scattering  spectrum  giving  approximately  the  same  value 
as  that  obtained  from  pure  rutile.  Alloying  elements  and  Impurity  Ions 
are  also  observed  as  In  the  SIMS  spectrum.  The  surface  chemistry  of 
the  porous  anodized  oxides  however,  are  significantly  different  as  seen 
in  Figure  5  which  is  typical  of  oxides  formed  particularly  In  media 
containing  phosphates  and  shows  much  different  ISS  and  SIMS  data  as 
compared  to  the  dense  oxide.  The  SIMS  spectrum  shows  hydrocarbons, 
alkali  elements,  calcium,  and  most  importantly  evidence  of  phosphorous 
or  phosphate  Ion  In  the  oxide  film.  The  Ion  scattering  spectrum  also 
shows  a  large  amount  of  phosphorous  In  the  oxide.  This  appears  to  be 
bulk  phosphorous  in  the  oxide  since  it  does  not  change  as  sputtering 
proceeds  into  the  surface  of  the  oxide.  Photoelectron  spectra  as  seen 
in  Figure  6  also  show  appreciable  amounts  of  phosphorous  to  be  present. 
Also  there  Is  a  much  larger  oxygen -titanium  ratio  observed  In  the 
porous  oxide  compared  to  the  dense  oxide.  This  probably  suggests  that 
much  of  the  surface  and  the  oxygen  Is  combined  as  phosphate.  The 
surface  chemistry  of  other  dense  oxides  regardless  of  the  electrolyte 
that  was  used  for  anodization  is  essentially  the  same  as  most  titanium 
oxides  as  typified  by  the  SIMS  and  ISS  data  of  Figure  7.  Note  In  the 
ISS  and  SIMS  data  for  the  porous  oxide  formed  In  sodium  hydroxide 
In  Figure  8  that  the  oxide  although  grey  in  color  and  having  exhibiting 
Instability  and  hissing  has  not  achieved  the  degree  of  porosity  as  seen 
in  the  oxide  formed  In  the  neutral  solution.  Note  that  In  all  the 
typical  anodized  oxides  the  T10+  to  T1+  ratio  Is  very  high.  The  meaning 
for  this  phenomenon  Is  not  known  but  this  may  provide  a  very  Important 
clue  as  to  the  surface  receptivity  for  adhesive  bonding.  In  acid  media 
again  containing  phosphate  the  porous  oxide  Is  atypical  for  standard 
titanium  oxide  as  seen  In  Figure  9  where  large  amounts  of  impurities 
are  again  present  with  little  appearance  of  T1+  and  T10+.  The  Auger 
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1SS/SIMS  Data  for  Sample  1 97-1 c 


Kinetic  Energy,  eV 

Figure  6.  Photo  Electron  Spectra  from  Sampl 


Figure  7.  ISS/S IMS  Data  for  Sample  197-3a 


Figure  8.  ISS/SIMS  Data  from  197- 3c 


Figure  9.  ISS/SIMS  Data  from  197-4c 
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electron  spectrum  of  titanium  anodized  In  phosphoric  acid  Is  In  Figure 
10  and  shows  a  large  amount  of  phosphorous  to  be  present  In  the  film. 

Again  the  phosphorous,  although  very  high  In  concentration  at  the  surface, 
continues  on  Into  the  film  as  shown  In  Figure  11  which  Is  an  elemental 
concentration  profile  with  sputtering  time  on  the  anodized  titanium. 

The  porous  oxide  formed  In  sulfuric  acid  does  not  show  the  Impurities 
seen  In  oxides  produced  by  electrolytes  containing  phosphate  as  In 
Figure  12  where  a  typical  TIO2  pattern  Is  observed  In  the  ion  scattering 
spectrum. 


Initial  bondabllity  of  anodized  surfaces  was  tested  In  the  lap 
shear  configuration  using  numerous  commerlcal  epoxy  adhesives.  With 
one  exception,  all  surfaces  proved  to  be  bondable  and  gave  acceptable 
lap  shear  values.  That  exception  was  anodized  films  formed  In  any 
electrolyte  containing  fluorine  ions.  The  result  was  rather  unexpected 
since  commercial  patent  calls  for  the  addition  of  fluorine  Ions  to  a 
solution  to  increase  the  current  density  and  subsequently  the  porosity 
of  the  anodized  film  for  adhesive  bonding.  The  adhesive  showed  good 
adhesion  to  the  oxide  film  In  these  cases.  Failure  often  occurred 
Interfaclally  at  the  oxide/metal  Interface.  When  a  test  In  which  pure 
shear  was  placed  at  the  interface  then  failure  always  took  place  Inter¬ 
faclally  at  the  oxide/metal  Interface.  Peel  tests  on  anodized  films 
In  which  fluorine  was  present  also  showed  Interfacial  failure  In  most 
tests.  Peel  strength  In  the  anodized  regions  were  virtually  zero. 

In  anodized  films  formed  In  nonfluorine  containing  electrolytes, 
however,  there  was  really  very  little  effect  due  to  the  anodized  film, 
with  properties  of  the  Interface  primarily  dependent  upon  the  pre¬ 
treatment. 

Similarly  the  HgO  contact  angle  was  affected  only  very  slightly 
by  the  dense  anodic  oxides  and  the  variation  of  the  contact  angle 
could  not  be  correlated  with  either  thickness  or  the  pH  of  the 
anodizing  solution.  Contact  angle  on  anodized  films,  although  larger 
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than  expected,  nevertheless  was  slightly  lower  in  every  case  than  the 
original  etched  surface.  Contact  angle  data  for  several  of  the  dense 
oxides  Is  shown  in  Figure  13.  It  Is  seen  In  Figure  14  that  the  contact 
angle  decreases  with  Increasing  thickness  and  porosity.  The  most 
porous  film  197-2,  shows  the  lowest  contact  angle  and  also  exhibits 
spreading  of  the  drop  with  time  going  to  almost  zero  contact  angle  In 
ten  minutes. 

The  contact  potential,  as  compared  to  a  vacuum  evaporated  gold 
film,  was  measured  on  each  of  the  specimens.  The  contact  potential 
data  although  showing  a  good  deal  of  scatter  could  be  correlated 
directly  with  thickness  as  shown  In  Figure  15.  This  figure  shows  the 
spread  of  contact  potential  measurements  for  each  of  the  categories  of 
specimens  prepared  In  this  work.  It  Is  found  that  etches,  nonporous 
anodizations  and  porous  anodizations  fall  into  each  of  the  three 
classes.  Some  extremely  thick  and  porous  anodized  films  could  not  be 
measured  and  produced  Instability  In  the  electrostatic  volt  meter. 

In  order  to  determine  the  effect  of  anodization  on  peel  strength, 
specimens  were  etched  over  the  entire  area  and  anodized  over  one  half 
of  the  specimen  surface  as  shown  In  Figure  16.  The  peel  curves  were 
obtained  as  In  A  where  there  was  little  or  no  affect  In  the  peel  strength 
In  the  etched  or  anodized  regions.  In  the  area  of  the  anodized  oxide 
at  the  meniscus  there  was  a  drop  In  peel  strength.  In  other  specimens 
the  peel  strength  dropped  somewhat  In  going  from  the  etched  area  into 
the  anodized  area.  As  was  mentioned  earlier  In  specimens  anodized  In 
electrolytes  containing  fluorine  the  peel  strength  dropped  to  zero 
at  the  Interface  between  the  etched  and  anodized  areas  and  the  failure 
mode  changed  from  cohesive  to  Interfaclal  at  the  oxide/metal  Interface. 

3.  CHEMICAL  TREATMENTS 

Table  4  shows  the  sample  treatment  that  was  used  for  the 
remainder  of  the  unanodized  specimens  and  the  treatments  are  shown 


27 


•Sir* '  * 


'■*"£**  :,:  <v*4*<n 


AFML-TR-79-4155 


o 

I 


H20  CONTACT  ANGLE,  degrees 

ro  4^  a>  cd 

o  o  o  o 

i  i  i  i 


-  50V  pH  7 

w  50V  pH  7 

w  50V  NaOH 

*  50  V  H3P04 

y  50  V  H2S04 

20V  phth.acid 

ai  100 V  phth.acid 

Figure  13.  HgO  Contact  Angle  for  Anodized  Films 
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Figure  15.  Contact  Potential  for  Oxide  Films  Formed  on  T16A14V 
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Figure  16.  Typical  Peel  Results  from  Etched  and  Etched  and  Anodized 
T16A14V 


by  number  with  the  explanation  of  the  treatment  which  pertains  to  each 
number.  Some  of  the  treatments  are  very  similar  but  have  a  difference 
of  only  one  step.  For  instance  in  197-6  and  197-7,  the  pre-etch  is 
different.  As  can  be  seen  by  Figures  17  and  18,  the  two  surfaces  are 
virtually  identical  as  would  be  expected.  The  surface  composition  being 
apparently  highly  dependent  on  the  final  conversion  step.  Note,  however, 
one  interesting  minor  difference  in  chemistry  in  the  two  surfaces  as 
shown  in  the  SIMS  spectra.  Specimen  197-6,  following  the  first  etch 
was  washed  in  tap  water  while  specimen  197-7  was  washed  in  deionized 
water.  It  can  be  seen  in  Figure  17  that  appreciable  amounts  of  calcium 
continue  to  remain  on  the  surface  apparently  from  the  tap  wash  water 
while  no  calcium  is  detected  on  specimen  197-7.  Note  also  the  large 
amounts  of  TiF+  as  compared  to  TiO+  present  on  these  surfaces  suggesting 
that  the  conversion  coating  is  perhaps  either  a  complex  oxy  fluoride 
or  a  structure  in  which  many  vacancies  exist  and  fluorine  and  sodium 
exist  interstitial ly  with  the  positive  and  negative  charges  maintaining 
charge  neutrality.  The  Auger  spectrum  as  seen  from  197-6  in  Figure  19 
are  the  same  elements  that  were  determined  by  SIMS. 

The  ISS/SIMS  spectra  from  sample  197-8  is  shown  in  Figure  20. 

This  specimen  was  given  the  same  treatment  as  specimen  197-7  but  with  a 
different  final  modification  step.  Following  conversion,  this  specimen 
was  boiled  in  deionized  water  for  30  minutes.  Notice  that  it  has  changed 
considerably  with  the  ISS  spectrum  taking  on  the  characteristics  of 
TIO2  shape.  The  SIMS  spectra  is  likewise  very  different  with  virtually 
all  traces  of  fluorine  having  disappeared  during  this  treatment.  Also, 
it  may  be  of  importance  that  the  apparent  concentration  of  the  vanadium 
with  reference  to  titanium  has  increased  during  this  modification  step. 
Such  an  increase  in  vanadium  content  is  also  seen  In  high  temperature 
corroded  specimens  of  t1tan1um-6alum1num-4vanadium. 

Specimen  197-9  (Figure  21)  was  given  another  modification  step 
(heating  the  specimen  to  900°F)  which  diminishes  the  fluorine  but  does 
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TABLE  4 

SAMPLE  TREATMENT 

Samp! e  Treatment 

197-1  thru  5 
197-6 

197-7 

197-8 

197-9 

197-10 

197-11 

197-12 

197-13 

197-14 

197-15 

1.  Abrasive  pad  +  detergent 

2.  Tap  H20 

3.  Deionized  H20 

4.  Wipe  (paper  towel) 

5.  Drain  dry 

6.  Boll  In  deionized  H20 

7.  Heat  to  500°C 

8.  H2S1F6,  5X,  50°C 

9.  HF/HN03,  40ml/360ml  to  make  1  liter 

10.  HF/NaF/Na3P04,  26ml/99/50g  to  make  1  liter 

11.  H2S04  (0.1M) 

12.  Anodization  -  phthallc  acid,  2g/l  H20 


As  shown  In  Table  I 
1,  2,  8,  2,  10,  3,  4 

1,  2,  9,  3,  10.  3,  4 

1,  2,  9,  3,  10,  3,  4,  6,  5 

1,  2,  9,  3,  10,  3,  4,  7 

1,  2,  8,  2,  4 

1,  2,  8,  3,  5 

1,  2,  8,  2,  11,  3,  4 

1,  2,  8,  3,  4,  6,  5 

1,  2,  8,  3,  12  (20V),  3,  4 

1,  2,  8,  3,  12  (100V),  3,  4 
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Figure  17.  ISS/SIMS  Data  from  197-6 
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Figure  19.  AES  Data  from  196-6 
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not  completely  remove  It.  In  addition  there  Is  a  large  Increase  In 
sodium  concentration  at  the  surface.  This  Is  typical  of  many  materials 
which  contain  sodium  and  potassium  In  trace  quantities.  When  the  sample 
Is  heated  these  alkali  elements  apparently  diffuse  to  the  surface  by 
grain  boundary  migration.  Even  specimens  heated  to  much  more  moderate 
temperatures,  such  as  the  temperatures  common  In  adhesive  bonding,  show 
some  sodium  diffusing  to  the  surface.  Frequently  when  true  Interfaclal 
failure  of  adhesive  bonds  Is  observed,  the  surfaces  of  both  the  adherend 
and  adhesive  show  large  amounts  of  alkali  elements. 


Contact  angle  and  contact  potential  were  measured  on  each  of  the 
specimens  which  were  etched  and  given  a  conversion  treatment  along  with 
some  modifications.  The  contact  potential  showed  virtually  the  same 
potential  for  each  of  the  specimens  as  shown  In  Figure  22.  However, 
the  contact  angle  showed  appreciable  differences  especially  In  specimen 
197-9  where  the  contact  angle  dropped  to  near  zero.  This  Is  also  typical 
of  many  materials  which  are  heated.  The  apparent  diffusion  of  the 
alkaline  elements  to  the  surface  causes  a  drop  In  contact  angle  and  the 
formation  of  a  very  wettable  surface.  Contact  potential  and  contact 
angle  were  also  measured  for  some  of  the  anodized  films  and  are  shown 
In  Table  5.  Table  6  shows  the  affect  of  heat  and  humid  age  on  contact 
potential  and  contact  angle  on  anodized  oxides.  This  set  of  specimens 
Is  not  from  the  197  series  and  the  contact  potential  and  contact  angles 
are  not  the  same  as  measured  In  the  197  series.  The  trend  shown  In  this 
table  Is  that  the  contact  angle  always  decreases  upon  heating  of  the 
specimen.  When  this  specimen  which  was  heated  was  then  exposed  to 
humid  aging  conditions  the  contact  angle  Increased.  Contact  potential 
measurements  showed  no  definite  trend  although  It  does  seem  very 
sensitive  to  the  thickness  of  the  oxide  film  and  somewhat  dependent 
on  the  chemistry. 
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Figure  22.  H20  Contact  Angle  and  Contact  Potential  for  Etched 

and  Etched  and  Modified  Specimens 
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TABLE  5 


riAL  AND  H20  CONTACT  ANGLE 
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TABLE  6 

THE  EFFECT  OF  HEAT  AND  HUMID  AGE  ON 
CONTACT  POTENTIAL  AND  CONTACT  ANGLE  ON 
ANODIZED  OXIDES  ON  T16A14V 


Anodizing 

Media 

Oxide* ** 

As  Prepared 

Exposure  to 

392°F  (200°C) 
— 

Exposure  to 
200°C  Followed 
by  Humid  Age 

Acid 

o.imh3po4 

— 

Thin 

Thick 

C.P,V  e° 
0.42  33 

-0.20  11 

C.P,V 
-0.22  24 

-0.42  11 

C.P,V  S? 
-0.20  42 

-0.18  38 

Neutral 

Na2HP04+H3Pq 

Thin 

Thick 

0.14  43 

-0.20  12 

-0.32  30 

-0.46  12 

-0.16  60 

-0.04  43 

Base 

0.1M  NaOH 

Thin 

Thick 

0.32  44 

-0.12  40 

-0.22  31 

-0.30  15 

-0.18  51 

-0.04  51 

*Humid  age  at  160°F  (71°C)  95%  R.H. 

**Thin  oxide  50V 

Thick  oxide,  porous  with  sparking 
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Figures  23  and  24  show  specimens  etched  In  hydrofluoslllclc  acid. 
Note  that  although  fluorine  Is  present  on  these  surfaces  It  Is  not 
nearly  as  concentrated  and  does  not  show  an  Indication  of  chemical 
combination  as  In  the  chemical  conversion  coatings  formed  from  fluorides 
In  the  earlier  spectra.  Specimens  197-12  (Figure  25)  etched  In  sulfuric 
acid  shows  the  formation  of  a  typical  TIO2  film.  Heating  of  a  H2SIF6 
etched  surface  produces  large  amounts  of  sodium  shown  In  Figure  26. 
Spectral  data  for  the  last  two  specimens  Is  shown  In  Figures  27  and  28 
for  a  thin  and  relatively  thick  anodized  film  obtained  from  an  organic 
acid  solution.  Note  here  In  the  SIMS  spectra  the  very  great  Intensity 
of  T10+  as  compared  to  T1+. 


Figure  23.  ISS/SIMS  Data  from  197-10 
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SECTION  IV 
CONCLUSIONS 

Large  changes  in  surface  chemistry  are  seen  with  changes  in 
surface  preparations.  Similarly,  surface  morphology  Is  very  dependent 
on  the  preparation  method.  Initial  adherence  of  epoxy  base  adhesives 
to  T16A14V  appears  to  be  very  sensitive  to  morphology  but  only 
slightly  dependent  on  subtle  changes  in  chemistry.  Chemistry  of 
surfaces  seems  to  be  more  Important  in  consideration  of  long  time 
durability  and  the  destructive  ingress  of  water  vapor.  The  formation 
of  dense  anodic  oxides  does  not  seem  to  influence  bondability  apprecia¬ 
bly  and  in  some  cases  actually  lowers  bond  strength.  When  fluorine 
is  present  in  the  anodization  bath  a  weak  boundary  layer  is  formed 
which  causes  the  oxide  to  "unzip"  from  the  metal.  Anodization  does, 
however,  provide  a  highly  uniform  oxide  which  under  certain  conditions 
may  be  beneficial  for  adhesive  bonding.  Perhaps  for  very  high 
temperature  processing  and  use,  the  anodized  film  will  provide  a 
diffusion  barrier  and  Impede  further  oxidation  of  the  surface. 
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